Cardiovascular disease (CVD) events are the main causes of death in end-stage renal disease (ESRD) patients on dialysis. The number and severity of CVD events remain inappropriate and difficult to explain by considering only the classic CVD risk factors. Our aim was to clarify the changes and the relationship of lipoprotein subfractions with other CVD risk factors, namely, body mass index (BMI) and adipokines, inflammation and low-density lipoprotein (LDL) oxidation, and the burden of the most prevalent comorbidities, diabetes mellitus (DM) and hypertension (HT). We studied 194 ESRD patients on dialysis and 22 controls; lipid profile, including lipoprotein subpopulations and oxidized LDL (oxLDL), C-reactive protein (CRP), adiponectin, leptin, and paraoxonase 1 activity were evaluated. Compared to controls, patients presented significantly lower levels of cholesterol, high-density lipoprotein cholesterol (HDLc), LDLc, oxLDL, and intermediate and small HDL and higher triglycerides, CRP, adiponectin, large HDL, very-low-density lipoprotein (VLDL), and intermediate-density lipoprotein-(IDL) B. Adiponectin levels correlated positively with large HDL and negatively with intermediate and small HDL, oxLDL/LDLc, and BMI; patients with DM (n = 17) and with DM+HT (n = 70), as compared to patients without DM or HT (n = 69) or only with HT (n = 38), presented significantly higher oxLDL, oxLDL/LDLc, and leptin and lower adiponectin. Obese patients (n = 45), as compared to normoponderal patients (n = 81), showed lower HDLc, adiponectin, and large HDL and significantly higher leptin, VLDL, and intermediate and small HDL. In ESRD, the higher adiponectin seems to favor atheroprotective HDL modifications and protect LDL particles from oxidative atherogenic changes. However, in diabetic and obese patients, adiponectin presents the lowest values, oxLDL/LDLc present the highest ones, and the HDL profile is the more atherogenic. Our data suggest that the coexistence of DM and adiposity in ESRD patients on dialysis contributes to a higher CVD risk, as showed by their lipid and adipokine profiles.
Introduction
End-stage renal disease (ESRD) patients present high morbidity and mortality rates, and the main causes of death are cardiovascular disease-(CVD) related events [1, 2] . Diabetes mellitus (DM) and hypertension (HT) are the most common causes for renal failure and are known as risk factors for CVD events.
ESRD patients on hemodialysis (HD) frequently present normal or decreased values of total cholesterol (TC) and low-density lipoprotein cholesterol (LDLc), decreased high-density lipoprotein cholesterol (HDLc), and increased triglyceride (TG) values [3] . A high prevalence of some traditional CV risk factors is common, though the number and severity of CVD events remain inappropriate and hard to explain when considering only the classic CVD risk factors. A study by our group showed that TG and C-reactive protein (CRP) levels, as well as the type of vascular access, were independent risk factors for all-cause mortality in ESRD patients on HD [4] . It appears that other factors may underlie the inappropriately high CVD events in ESRD patients, namely, oxidative stress/inflammatory-related changes, adipocyte-related cytokines, and altered functionality in lipoproteins.
LDL and HDL are a heterogeneous population of particles with different atherogenic or atheroprotective properties. It has been hypothesized that lipoprotein's quality (size, composition, and functionality) may be more important than their total circulating levels, as a CVD risk factor. In fact, smaller and denser LDL subpopulations are more atherogenic than larger LDL subpopulations [5, 6] . In addition, a reduction in HDL size has been also associated with less functionality [7] [8] [9] ; however, this issue is not consensual [6] . A study of incident diabetic patients showed lower percentages of large HDL particles, higher percentages of small LDL subfractions, and a reduction in LDL size [10] .
A large number of studies evaluated lipid risk profile in ESRD; however, the studies concerning the lipoprotein subfractions, evaluated by high-resolution electrophoresis on polyacrylamide gel tubes, are sparse, with some controversial results and involving a small number of patients [11] [12] [13] . These studies reported that ESRD patients, as compared to controls, present increased large HDL particles and decreased small HDL particles [11] [12] [13] , while data on LDL subfractions is controversial. Moreover, the interplay between lipoprotein quality, oxidative stress, inflammation, and adipokines was not addressed in these studies.
Oxidation of LDL (oxLDL) is a triggering factor for initiation and progression of atherosclerosis. The oxLDL/LDL ratio, used to measure the value of LDL oxidation within LDL particles, seems to be raised in ESRD patients, showing a lower antioxidant protection for LDL particles [14] . ESRD patients on dialysis also present reduced paraoxonase 1 (PON1) activity that has been associated with inflammation, longer time on dialysis, and high recombinant human erythropoietin doses [14] .
Obesity is a CVD risk factor and a risk factor for development of chronic kidney disease (CKD) and diabetes. Adiponectin, mainly synthesized by adipocytes, with anti-inflammatory, insulin-sensitizing, and antiatherogenic properties, is increased in ESRD patients and seems to present a negative correlation with body mass index (BMI) in these patients [15, 16] . Hyperleptinemia has been associated with inflammation, insulin resistance, and protein energy wasting and with progression of CKD [17] .
Considering the few data on lipoprotein subpopulations in ESRD and, particularly, on their potential implications on morbidity and mortality, the aim of this work was to further clarify the changes in lipoprotein profiles and, particularly, the relationship with other CVD risk factors, namely, BMI and adipokine levels, inflammation, and LDL oxidation, and with the burden of the most prevalent comorbidities in ESRD patients, diabetes and hypertension.
Material and Methods
2.1. Subjects. This study included patients from five dialysis clinics in the Northern Region of Portugal; the Committee on Ethics, from the Faculty of Pharmacy, Porto University, approved the study protocol. Patients and controls participated in the study after signing an informed and written consent, respecting their privacy rights. Patients with malignancy, autoimmune disease, and inflammatory or infectious diseases and with increased alanine transaminase and/or aspartate transaminase levels were excluded.
The study included 194 ESRD patients under chronic dialysis (28 on HD and 166 under online hemodiafiltration), for more than 90 days. Therapeutic dialysis was performed 3 times per week, for 3-5 hours, and patients were on dialysis treatment for a median period of 4.09 (1.74-7.60) years. Dialysis clearance of urea was expressed as Kt/V. The main causes of renal disease were diabetic nephropathy (n = 79), hypertensive nephrosclerosis (n = 32), chronic glomerulonephritis (n = 11), polycystic kidney disease (n = 8), other diseases (n = 26), and uncertain etiology (n = 38). Concerning vascular access, 26 patients used central venous catheter, 158 used an arteriovenous fistula, and 10 patients used an arteriovenous graft. Diabetes was established by current guidelines [18] and/or by the use of insulin or oral hypoglycemic drugs. Hypertension was defined by current guidelines [19] or by the use of hypertensive agents.
A group of 22 healthy volunteers was selected as control, based on normal hematological and biochemical values, and no history of kidney, inflammatory diseases or dyslipidemia.
Collection and Preparation of Blood
Samples. Blood was collected immediately before dialysis procedure, by venepuncture, into tubes with and without anticoagulant (ethylenediaminetetraacetic acid), in order to obtain plasma and serum, respectively. Samples were processed within 2 hours of collection; aliquots of plasma and serum were prepared and immediately stored at -80°C until assayed.
2.3. Analytical Assays. Lipid profile was evaluated by routine procedures, using an autoanalyser (Cobas Integra 400 Plus, Roche Diagnostics, Basel, Switzerland) and commercially available kits; TC, TG, HDLc, and LDLc concentrations were determined by enzymatic colorimetric tests (Roche Diagnostics, Basel, Switzerland).
HDL and LDL subpopulations were separated and quantified using a Lipoprint® kit from Quantimetrix Corp. (Redondo Beach, CA, USA). This analysis involves a polyacrylamide gel electrophoresis followed by a complete data acquisition and quantification of lipoprotein subpopulations, using the Lipoprint System. HDL is separated into 10 subfractions that are classified as large HDL particles (1-3 subfractions), intermediate HDL particles (4-7 subfractions) , and small HDL particles (8-10 subfractions) .
LDL particles are divided into 7 subpopulations, the LDL1 and LDL2 subpopulations corresponding to larger LDL particles and LDL3 to LDL7 subfractions corresponding to small LDL particles. Besides the LDL subfractions, the LDL Lipoprint profile also includes one band of VLDL, 3 midbands corresponding to intermediate-density lipoprotein (IDL), and one HDL band. The mean LDL particle size is determined.
Circulating levels of oxLDL, adiponectin, and leptin were evaluated by enzyme immunoassays (Oxidized LDL ELISA, Mercodia, Uppsala, Sweden, and human total adiponectin and human leptin, R&D Systems Inc., Minneapolis, USA, respectively); the oxLDL/LDLc ratio was calculated to assess the value of LDL oxidation within LDL particles. CRP values were measured by immunoturbidimetry (High-Sensitivity CRP (latex), Roche Diagnostics, Basel, Switzerland). PON1 activity was assessed spectrophotometrically and expressed in nmol of p-nitrophenol/ml/min. PON1 activity was evaluated by adding serum to 1 ml Tris/HCl buffer (100 mmol/l, pH 8.0) containing 2 mmol/l CaCl 2 and 5.5 mmol/l paraoxon (O,O-diethyl-O-p-nitrophenylphosphate; Sigma Chemical Co.). The rate of generation of p-nitrophenol was determined at 412 nm, 37°C, via the use of a continuously recording spectrophotometer.
Statistical Analysis.
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS, version 23.0, Chicago, IL, USA) for Windows. KolmogorovSmirnovanalysis was used to determine if data presented a normal distribution. Parameters presenting a nonGaussian distribution are presented as median (interquartile range); for those with Gaussian distribution, results are presented as mean ± standard deviation. For comparisons between controls and patients, we used, for continuous variables, the Mann-Whitney U test and the unpaired Student t -test, in accordance with the Gaussian distribution of the variables; for categorical variables, chi-squared test and Fisher's exact test were employed. To compare the groups in terms of comorbidities, we used one-way ANOVA supplemented with Tukey post hoc test (for variables presenting a normal distribution). Adjustment for confounding factors (e.g., age, BMI, diabetes) was performed using analysis of covariance (ANCOVA; variable data respected a normal distribution). Data presenting a non-Gaussian distribution were transformed to data with normal distribution, by using the method described by Templeton [20] . Spearman's rank correlation coefficient was performed to evaluate relationships between sets of data. To evaluate the contribution of the different variables to adiponectin levels, a multiple regression analysis was performed, using stepwise selection (all variable data included in the regression analysis respected a normal distribution). A P value lower than 0.05 was considered as statistically significant.
Results
Controls and patients did not present significant differences in what concerns gender, weight, height, and BMI; clinical data for patients is showed in Table 1 . Patients, as compared to controls, presented significantly lower values of TC, HDLc, LDLc, oxLDL, and LDLc/HDLc and significantly higher TG, CRP, and adiponectin levels ( Table 1) . Concerning HDL subfractions, patients presented higher percentage of large HDL and lower percentages of intermediate and small HDL. As compared to controls, ESRD patients also presented significantly higher VLDL and MID-B (%) and lower % of larger LDL (LDL 1 and LDL 2). Differences persisted significant after statistical adjustment for age.
Adiponectin correlated positively with large HDL (Figure 1 OxLDL and oxLDL/LDLc correlated significantly and negatively with large HDL (r = −0 401, P < 0 001; r = −0 240, P = 0 001, respectively) and positively with intermediate HDL (r = 0 253, P < 0 001; r = 0 143, P = 0 007, respectively), small HDL (r = 0 390, P < 0 001; r = 0 232, P = 0 001, respectively), VLDL (r = 0 281, P < 0 001; r = 0 196, P = 0 006, respectively), and BMI (r = 0 186, P = 0 009; r = 0 252, P < 0 001, respectively). OxLDL also correlated with LDL size (r = −0 251, P < 0 001), CRP (r = 0 143, P = 0 047), and leptin (r = 0 271, P < 0 001).
BMI correlated with large HDL (r = −0 379, P < 0 001), intermediate HDL (r = 0 276, P < 0 001), small HDL (r = 0 346, P < 0 001), and PON1/HDLc (r = 0 295, P < 0 001).
In multiple linear regression, after transformation to variables with normal distribution, large HDL (β = 0 322; P < 0 001) and oxLDL/LDLc (β = −0 288; P = 0 001), as well as BMI (β = −0 308; P < 0 001), remained significantly associated with adiponectin.
Concerning the most frequent comorbidities in ESRD patients, diabetes and hypertension, we analyzed our data according to the association with those comorbidities. We found that 17 patients presented only DM, 38 presented only HT, 70 presented simultaneously DM and HT (DM+HT), and 69 patients did not present DM nor HT. Concerning the use of statins, 58.8% in the DM group, 44.7% in the HT group, 68.6% in the DM+HT group, and 43.5% of the patients that did not present DM or HT were on statin therapy. The four groups did not differ significantly in age and gender but differed in BMI, which was higher in DM and DM+HT groups (Table 2) (Table 2 ). There were no statistically significant differences for the studied variables between patients with HT and patients without DM or HT. We also analyzed our data according to BMI categories (Table 3 Regarding statin therapy, 50.0% of underweight patients, 40.7% of normoponderal patients, 66.7% of overweight patients, and 62.2% of obese patients were on statin therapy.
In the underweight group, the number of patients was small (n = 8), compromising statistical evaluation; therefore, we did not analyze data from this group.
Overweight (n = 60) and obese (n = 45) patients, as compared to normoponderal patients (n = 81), showed significantly lower HDLc, adiponectin, and % of large HDL and significantly higher TG, oxLDL/LDLc, PON1/HDLc, leptin, % of VLDL, and small HDL. Obese patients also presented significantly higher % of intermediate HDL, oxLDL, TC/HDLc, and LDLc/HDLc than normal weight patients. After statistical adjustment for diabetes, the statistical differences observed for the overweight group were lost; in the obese group, differences found for HDLc, PON1/HDLc, adiponectin, leptin, VLDL, large HDL, intermediate HDL, and small HDL persisted. Obese, as compared to overweight patients, presented higher values of leptin and % of small HDL and lower large HDL; after statistical adjustment for diabetes, only the differences for leptin remained significant (Table 3 ).
Discussion
In this work, we studied in ESRD patients the modifications in LDL and HDL profiles and their relationship with BMI, adipokine levels, inflammation, and LDL oxidation and with the coexistence of DM and HT, the most prevalent comorbidities in these patients. We found that ESRD patients on HD presented some significant risk changes in lipid profile, namely, decreased HDLc and increased TG values, alongside with protective changes, such as decreased TC and LDLc, as compared to the control group.
An increase in small HDL subpopulations was found in patients with coronary artery disease (CAD) [9] . Patients with acute coronary syndrome (ACS) and with stable CAD showed dysfunctional HDL subfractions that have distinct composition and diminished anti-inflammatory potential, especially for HDL3 in ACS, which can be used to discriminate between these two conditions [21] . In a Chinese cohort, it was found that large HDL subpopulation correlated negatively to very early CAD [22] . Higher values of small LDL particles and lower values of large HDL particles, as well as a reduction in LDL size, were reported in incident diabetes [10] . Decreased large HDL particles and increased small HDL particles were found in patients with hypertension [23] . However, as previously mentioned, it is still a matter of debate which subfraction of HDL is more atheroprotective [6] , with reports referring a positive association between HDL3 and protection from CAD [24] , in opposition to the above-referred reports in the opposite direction. In spite of the lower circulating levels of HDL, the study of its subfractions showed a less atherogenic profile in patients than in controls, presenting significantly higher percentage of large HDL particles and lower intermediate and small HDL subfractions. These results are in accordance with published data [11] [12] [13] . Nevertheless, it has been reported that the content of HDL in triglycerides and phospholipids appears to be altered in CKD patients, leading to impairment in cholesterol efflux [25] . Gluba-Brzozka et al. [12] found the same changes in HDL subfractions and also proposed that large HDL may have a unique proteome and lipid composition, associated with an impaired cholesterol efflux capacity. This lack of HDL functionality may contribute to the paradoxical coexistence of increased large HDL and enhanced risk for CVDrelated events in ESRD patients.
In accordance with others [15, 26] , we also found in HD patients significantly higher levels of adiponectin (more than twofold the control value), known for its beneficial cardiovascular, antiatherogenic, anti-inflammatory, and antidiabetic properties. In obesity, type 2 DM, and coronary artery disease, adiponectin levels appear to be reduced [27] .
The adiponectin circulating levels are increased in HD patients; however, it is still unclear if its effects on metabolism remain intact. It has been hypothesized that the uremic milieu, especially high in HD patients, may induce the development of adiponectin resistance [28] . Another raised explanation is that the enhanced adiponectin levels are due to a decreased renal excretion, in ESRD [29] . It was also reported that adiponectin may be secreted to alleviate inflammatory or vascular injuries, although this counterregulation may not be efficient enough, due to the effects of the proatherogenic uremic environment [15] .
We found that adiponectin correlated positively and significantly with large HDL and negatively with intermediate and small HDL. Our data suggest that the enhancement in adiponectin induces a more protective HDL profile, as showed by the increase in large HDL and the decrease in intermediate and small HDL particles. However, since HDLc levels are low, these differences in HDL quality (size and composition) may not produce a significant impact in CVD risk, in HD patients. Besides, we cannot rule out the possibility that the alterations in size and composition are not accompanied by improvement in HDL functionality.
Adiponectin is known to correlate inversely with adiposity, even in ESRD patients [16] . It was also reported that in HD patients, adiponectin may have a role in improving oxidative stress that is common in these patients [30] . In Figure 2 : Levels of oxidized low-density lipoprotein (oxLDL) (a), oxLDL/LDLc (b), adiponectin (c), and leptin (d), for end-stage renal disease (ESRD) patients on chronic dialysis, according to the more prevalent comorbidities, diabetes mellitus (DM) and hypertension (HT). * P < 0 05; * * P < 0 01; * * * P < 0 001; ″loss of significance after statistical adjustment for body mass index.
agreement, we observed a significant inverse correlation of adiponectin with oxLDL, oxLDL/LDLc, and BMI, in dialysis patients. By performing a multiple linear regression analysis, we found that the best predictors of adiponectin levels were, besides BMI, large HDL and oxLDL/LDLc. It appears that in ESRD patients on dialysis, adiposity and adiponectin, large HDL, and LDL oxidation within LDL particles are tightly interrelated. Concerning antioxidant properties of HDL, we found that large HDL was significantly and inversely correlated with oxLDL and oxLDL/LDLc, while intermediate and small HDL subfractions were positively correlated with oxidative changes in LDL, suggesting that HDL subfractions may have different roles in what concerns antioxidant activity.
In the evaluation of LDL fractions and subfractions, we found in dialysis patients, as compared to controls, significantly lower (%) larger LDL (LDL 1 and 2) and similar (%) small LDL particles. Our data are in accordance with other reports [11] [12] [13] showing the same changes in HD patients and proposing that small dense LDL particles are not associated with CVD in these patients [31] .
CKD has been associated with hypertriglyceridemia, impairment of VLDL catabolism, due to lipoprotein lipase deficiency/dysfunction [32] , and IDL has been reported as an independent risk factor for atherosclerosis [33] . In accordance, we observed higher values of TG, VLDL, and IDL-B in ESRD patients. The lower HDLc levels in ESRD, also observed in our patients, have been associated with a decrease in apolipoprotein A-1 production and in lecithin-cholesterol acyltransferase activity [34] .
Diabetes and hypertension are common comorbidities in HD patients and may contribute to the high CVD risk in these patients. In that way, we analyzed our patients according to the coexistence of such comorbidities.
We found that patients with DM presented a different and less protective lipid profile than the other patients under chronic dialysis. Patients with DM and DM+HT, as compared to dialysis patients without DM, presented several significant risk changes, namely, higher BMI scores, as well as higher values of TG, oxLDL, oxLDL/LDLc, and leptin, and lower HDLc, large HDL subfraction, and adiponectin. The HD patients presenting only HT and the patients without DM or HT showed a similar and more protective profile. These findings suggest that these comorbidities (DM and HT) contribute differently to CV risk profile. In accordance with our data, Likely et al. [16] also reported lower adiponectin values in diabetic ESRD patients, when compared with nondiabetic patients, although higher than in controls. Considering that DM and DM+HT patients presented a significantly higher BMI, as compared to the other two groups, we performed a statistical adjustment for BMI; the differences in oxLDL, oxLDL/LDLc, and adiponectin between diabetic and nondiabetic ESRD patients persisted significantly ( Figure 2 ). It is known that oxidative modifications in LDL play a crucial role in the initiation and progression of atherosclerosis [35] and are accepted as a marker for CVD risk. The significant enhancement in LDL oxidation in the diabetic patients, as well as the reduced values of adiponectin, may contribute to the poor outcome [36] and health-related quality of life [37] reported for diabetic patients with ESRD.
In considering the importance of obesity as a predisposing factor for diabetes and for CVD, we analyzed our data according to BMI categories and, afterwards, performed a statistical adjustment for diabetes. The obese patients presented the less protective CVD risk profile, with significantly lower HDLc, % of large HDL, and adiponectin and significantly higher (%) small HDLc subfractions and leptin. These changes persisted significantly after adjustment for diabetes, suggesting that in HD patients, the values of HDLc and HDL subfractions are tightly related with adiposity.
High levels of leptin, associated with reduction in its activity, are known to lead to severe insulin resistance [38] . Hyperleptinemia is also known to correlate with progression of CKD [17] . Hypoadiponectinemia induces a decrease in glucose uptake in the skeletal muscle, an increase in hepatic gluconeogenesis, and a diminishment in fatty acid oxidation favoring insulin resistance and type 2 DM [39] . Higher adiposity is known to associate with a decrease in adiponectin and an increase in leptin levels [40, 41] . The differences we found in adipokines levels suggest that in ESRD patients under chronic dialysis, diabetes and higher BMI associate with lower adiponectin and with an enhancement in leptin levels. In spite of the higher CRP values in ESRD patients, no correlations were found with the coexistence of comorbidities and with BMI categories, suggesting that inflammation is particularly linked to renal disease and/or dialysis.
Statins, known to lower cholesterol and LDLc levels, possess other effects, such as endothelial function improvement and antioxidant and anti-inflammatory properties. According to the literature, the effects of statin on HDL subfractions are especially related with subfraction composition [42] [43] [44] ; concerning the effect of statins on the size of LDL subfractions, data is controversial [42, 45] . Nonetheless, in our study, the number of diabetic, overweight, and obese patients on statin therapy was higher than in the other groups analyzed. Thus, the use of statins appears to have an irrelevant impact in the changes observed on the HDL subfractions and adipokine profile.
In summary, in ESRD patients, the higher adiponectin levels seem to favor HDL modifications, from smaller to larger subfractions, and antioxidant protection for LDL particles. ESRD diabetic patients presented higher values of oxLDL, oxLDL/LDLc, and leptin and lower adiponectin than nondiabetic patients; obese patients revealed lower HDLc and adiponectin, higher leptin and a more atherogenic HDL subfractions profile.
Our data suggest that the coexistence of DM and adiposity in ESRD patients on dialysis contributes to a higher CVD risk, as showed by their lipid and adipokine profiles.
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